Introduction
More than 90 % of mitochondrial proteins are coded for by the nucleus (for reviews see Pfanner & Neupert, 1987a; Nicholson & Neupert, 1988; Hartl et al. 1989) . They are synthesized as precursor proteins on free cytosolic polysomes and are posttranslationally imported into one of the four submitochondrial compartments, namely, outer membrane, intermembrane space, inner membrane and matrix. Most precursor proteins carry positively-charged amino-terminal presequences which contain important information for their targeting to mitochondria (for review see Hurt & van Loon, 1986) . In addition to targeting signals, precursors also contain the necessary information for correct intramitochondrial sorting (van Loon et al. 1986; Hartl et al. 1987a) . Nucleoside triphosphates are required to keep precursor proteins in an unfolded conformation that renders them competent for membrane translo cation (Eilers & Schatz, 1986; Pfanner & Neupert, 1986; Pfanner et al. 1987a; Chen & Douglas, 1987; Eilers et al. 1987; Hartl et al. 19876) . The precursor proteins interact with specific proteinaceous receptors at the surface of the outer membrane (Hennig & Neupert, 1981; Riezmann et al. 1983; Zwizinski et al. 1983; Zwizinski et al. 1984) . At least four different classes of receptors specific for subsets of mitochondrial precursors can be distinguished at present (Pfaller et al. 1988a,b) . Precursors are then transferred to a 'general insertion protein' (G IP) in the outer membrane which is believed to facilitate membrane insertion (Pfaller et al. 1988a) . From there, outer membrane proteins (e.g. porin) are routed to their final location. Proteins of matrix, inner membrane and intermembrane space (e.g. FiATPase subunit ¡3, A D P/A TP carrier and cytochrome bz respectively) are directed into translocation contact sites between outer and inner membranes (Schleyer & Neupert, 1985; Hartl et al. 1986; Schwaiger et al. 1987; Hartl et al. 1987a; Pfanner et al. 19876) . Transfer into contact sites is dependent on the membrane potential (A'P) across the inner membrane (Schleyer et al. 1982; Gasser et al. 1982a; Kolanski et al. 1982; Pfanner & Neupert, 1985) . Completion of translocation into inner membrane or matrix, however, is independent of A'P. Amino-terminal presequences are proteolytically cleaved in the matrix by the mitochondrial processing peptidase (MPP) in cooperation with PEP, the processing enhancing protein (Bôhni et al. 1980; Schmidt et al. 1984; Hawlitschek et al. 1988; Witte et al. 1988; Pollock et al. 1988) . Precursor proteins of the intermembrane space (e.g. cytochrome 6 2) or the outer surface of the inner membrane (e.g. cytochrome C\) have to be re-translocated back across the inner membrane in a process similar to the export of proteins across the plasma membrane in procaryotes known as 'conservative sorting' (Hartl et al. 1986; Hartl et al. 1987a,c) . These precursors are proteolytically processed in two steps, the second processing event taking place at the outer surface of the inner membrane (Gasser et al. 19826; Daum et al. 1982; Teintze et al. 1982) . Additional maturation steps can occur during import, which include covalent and non-covalent heme-attachment, iron-sulphur cluster formation and conformational changes. Finally, many imported proteins are assembled into supramolecular protein com plexes (Schmidt et al. 1983; Lewin & Norman, 1983) .
Work over the last ten years in our laboratory has been devoted to the detailed study of the complex process of mitochondrial protein import. We have developed techniques to dissect the import reaction into distinct steps (for review see Pfanner et al. 1988) . Precursor proteins are arrested as 'translocation intermediates' at defined stages of the import pathway. They can then proceed on to subsequent stages of the import pathway after release of the specific block. In the following sections we will focus on how these methods have contributed to our understanding of the mitochondrial import reaction.
Binding of precursors to specific receptors of the outer membrane Several lines of evidence suggest that proteinaceous receptors at the surface of mitochondria are involved in specific recognition of precursor proteins. First evidence came from studies where isolated mitochondria were pretreated with low concentrations of proteases such as trypsin or proteinase K (Zwizinski et al. 1983 (Zwizinski et al. , 1984 . This resulted in the inhibition of subsequent import of precursor proteins destined to all submitochondrial compartments. An exception is import of apocy-tochrome c, the precursor of cytochrome c, which does not use a protease-sensitive component exposed to the surface of the outer membrane (Nicholson et al. 1988) . Pretreatment of mitochondria with elastase inhibited the import of porin, F e /S protein of complex III, the A D P/A TP carrier and F 0ATPase 9, but not of FiATPase subunit ¡3 (Fi/3). Pretreatment with trypsin blocked the import of all these precursors, suggesting that an import receptor exists for Fj/3 that is different from those for the other four precursors mentioned (Pfaller etal. 1988; Pfaller ei a/. 1989) .
Precursors whose import is dependent on AW across the inner membrane (e.g. A D P/ATP carrier) can be accumulated at the bound state in the absence of AW (Pfanner & Neupert, 19876) . Binding requires a protease-sensitive component on the mitochondrial surface. Upon reestablishing A1? , precursors can be imported from this bound state. The precursor of porin, whose import is independent of AW, can bind to the mitochondrial surface at low temperature. It can be assembled into the outer membrane by subsequently raising the temperature (Pfaller et al. 1985; Pfaller & Neupert, 1987) .
Two distinct steps can be distinguished in the binding of A D P/ATP carrier and of porin: binding to protease-accessible receptor sites, and the interaction with the protease-protected GIP in the outer membrane (Pfanner & Neupert, 19876; Pfanner et al. 1987«; Pfaller et al. 1988a; Sollner et al. 1988 ). Binding of AD P/ATP carrier to surface receptors could be achieved in the absence of AW, either at low temperature or at decreased levels of nucleoside triphosphates (N TPs). The latter condition probably resulted in a more folded conformation of the precursor. Specifically bound precursor was exposed to the surface of mitochondria, since it remained accessible to low concentrations of protease or to antibodies. Binding at the level of G IP was achieved also in the absence of the membrane potential, but at higher temperatures or at higher concentrations of N TPs. Precursor bound to GIP was already inserted into the outer membrane since it was inaccessible to externally added protease or antibodies. Saturability, resistance to extraction with salt, but extractability at alkaline pH suggested that this intermediate was embedded into proteinaceous sites in the outer membrane, named GIP.
After interaction with surface receptors, specifically bound precursor of porin also accumulated at the same G IP sites. This could be demonstrated in competition experiments. For these studies the precursor of porin was prepared by solubilization of the membrane-integrated porin with non-ionic detergent and subjecting it to an acid-base treatment. By this procedure a water-soluble form of porin was obtained which could be specifically imported into mitochondria (Pfaller et al. 1985) . Precursor of porin competed for the import of precursors of all other mitochondrial subcompartments including the F e /S protein, the A D P/ATP carrier, F 0ATPase 9 and FiATPase j8, but not for cytochrome c (Pfaller et al. 1988 ). In the case of A D P/A TP carrier only the generation of the GIP-associated intermediate was competed for by porin, while the binding to surface receptors and the transport from the G IP site into the inner membrane were not affected. The competition of porin for the import of the other precursors also appears to occur at the level of the GIP. On the other hand, apocytochrome c produced in large amounts from holocytoch-rome c, by chemically removing the heme moiety, did not compete specifically for import of any other precursor protein.
In summary, our current view of binding and recognition of precursor proteins involves at least four different classes of import receptors: for porin, for the A D P/A TP carrier, for F i/? and for cytochrome c. The receptor sites for porin, A D P/A TP carrier and Fj/3 are accessible to protease. The import pathways of A D P/A TP carrier, porin, Fj/3 and of other proteins (e.g. F e /S protein and F 09) converge at a common membrane insertion site, G IP. Beyond GIP, the import pathways diverge to the outer membrane and, via translocation contact sites, to the other mitochondrial subcompartments.
Import via translocation contact sites
Most imported mitochondrial proteins have to be translocated at least partially into or across the inner membrane. Transport of precursors across outer and inner membranes occurs in one step at translocation contact sites. Morphologically described sites of contact between outer and inner membranes have been known for a number of years (Hackenbrock, 1968) . The following techniques were used to accumulate precursor proteins in translocation contact sites thus experimentally demonstrating their importance in protein translocation. Import was performed at low temperature, after prebinding of antibodies against carboxy-terminal parts of the precursor proteins or at decreased levels of N T Ps (Schleyer & Neupert, 1985; Hartl et al. 1986; Schwaiger et al. 1987; Pfanner et al. 1987a,b ) . Precursors were arrested in a position with the presequence reaching into the matrix (where proteolytic cleavage by the processing peptidase occurred) but with other portions of the protein still outside the mitochondria, where they were accessible to externally added protease. Thus, the two membranes must be close enough together to be spanned by a single polypeptide chain.
The biochemically defined contact sites are identical with the morphologically described sites of close contact. This was demonstrated in immunocytochemical studies by labelling the contact site intermediates with protein A-gold particles via the bound antibodies (Schwaiger et al. 1987) . Submitochondrial fractions enriched in contact sites could be obtained by sonication of mitochondria followed by density gradient centrifugation (Schwaiger et al. 1987) . Contact sites appear to be structurally stable, independent of the energy state of the mitochondria. Translocational intermediates spanning contact sites are extractable with hydrophilic perturbants such as urea or at alkaline pH suggesting that transport of precursor proteins occurs through a hydrophilic membrane environment (Pfanner et al. 1987b) . We propose that proteinaceous components involved in protein translocation are located in contact sites and might form a proteinaceous pore or channel.
Only the transport of precursors from the cytosol into translocation contact sites is dependent on the membrane potential across the inner membrane. The completion of transport into the inner membrane or matrix is independent of AW but dependent on the presence of N T P s which appear to be required for the unfolding of precursor portions still outside the mitochondrion (Schleyer & Neupert, 1985; Pfanner & Neupert, 1986; Pfanner et al. 1987a ) . NTP-dependent 'unfoldases' in the cytosol or associated with the mitochondrial surface are assumed to be involved in this reaction (Rothman & Kornberg, 1986; Deshaies et al. 1988; Chirico et al. 1988) . The insertion of the positively-charged presequences into the inner membrane seems to be the membrane potential-dependent step of the import pathway. It has been shown that only the electrical component AW of the total protonmotive force and not the chemical component ApH is required for protein import (Pfanner & Neupert, 1985) . The function of AW is still unclear. It may be speculated that the role of the membrane potential (positive outside) includes an electrophoretic effect on the positively-charged presequences or on other positively-charged regions of the precursor proteins.
Proteolytic processing by the mitochondrial processing peptidase
Amino-terminal presequences of imported proteins are proteolytically cleaved during or after translocation across the mitochondrial membranes. The proteolytic activity responsible for this reaction is localized to the mitochondrial matrix and was first described in hypotonic extracts of yeast mitochondria (Bohni et al. 1980) . The processing peptidase can be inhibited by divalent cation chelators such as EDTA, ortho-phenanthroline and batho-phenanthroline; its activity is stimulated by the addition of divalent cations such as Co2+, Mn2+ and Zn2+, which can reverse the inhibition by chelators (McAda & Douglas, 1982; Bohni et al. 1983; Schmidt et al. 1984; Hartl et al. 1986 ). Inhibition of the processing enzyme was employed to demonstrate that the complete membrane translocation of precursor proteins is possible in the absence of presequence cleavage (Zwizinski & Neupert, 1983; Hartl et al. 1986 Hartl et al. , 1987a . Nevertheless, proteolytic processing is necessary for further assembly of the newly imported polypeptides into functional supramolecular complexes.
We have recently succeeded in isolating the processing enzyme from Neurospora crassa mitochondria (Hawlitschek et al. 1988 ). The activity was enriched 2000-fold over mitochondria. The purified preparation contained two polypeptides with molecular weights of 57 000 and 52000, the latter component being about 15-fold more abundant in mitochondria. Both proteins were required for activity but did not form a (tight) complex. Upon separation of the two components, the 57K (K = 103M r) polypeptide exhibited a low but significant activity on its own, which was more than 20-fold stimulated by addition of the 52K polypeptide. The 52K component alone had no detectable processing activity. We concluded that the 57K component bears the catalytic centre and is therefore the 'mitochondrial processing peptidase' (MPP) proper. The 52K component was named 'processing enhancing protein' (PEP). MPP and PEP have a differential location within Neurospora mitochondria. MPP is completely soluble in the mitochondrial matrix while about 70 % of PEP are peripherally attached to the inner surface of the inner membrane. The purified enzyme preparation was able to cleave the presequences of all mitochondrial precursors tested so far and probably is the only enzyme responsible for the removal of matrix-targeting signals. This is remarkable since presequences as well as the cleavage sites among different precursors differ considerably. Although there is apparently no strict consensus sequence at the processing site, cleavage often occurs at the configuration y " (Nicholson & Neupert, 1988; Hartl et al. 1989 ). In order to understand structure and function of the mitochondrial processing enzyme we isolated and characterized in collaboration with the group of A. Horwich, mutants of Saccharomyces cerevisiae which were temperature-sensitive (ts) defec tive in the processing of mitochondrial precursor proteins. One complementation group of mutants, mij2 (mif for mitochondrial import functions), which had previously been described as mas2 (Yaffe & Schatz, 1984) was found to be defective in MPP (Pollock et al. 1988) . Mitochondria of the mif2 mutant were able to import precursor proteins, but were not able to cleave their presequences. The phenotype of the mutant can be mimicked in wild-type mitochondria by the inhibition of MPP by addition of metal chelators. The MPP gene was isolated. It codes for a hydrophilic protein of 482 amino acid residues. Using specific antibodies the MPP-gene product could be localized to the mitochondrial matrix. We performed a structural compari son of MPP with PEP of yeast and Neurospora whose sequences recently have been reported (Witte et al. 1988; Hawlitschek et al. 1988 ). Alignment of the MPP sequence to yeast PEP showed 24% identity and 48% similarity, if isofunctional residues were considered, suggesting an evolutionary relationship between both components. Identity between Neurospora and yeast PEP is 58 % (70 % similarity including isofunctional residues). Assuming a common origin for the genes of MPP and PEP, the latter component must have lost (or has never acquired) the ability to cleave presequences but has probably acquired or preserved the ability of binding to the presequences of imported precursor proteins thus enhancing the interaction of MPP with the cleavage site.
The consequences of PEP deficiency on mitochondrial protein import was tested in another ts-lethal mutation, mif I, which was formerly described as m asl (Yaffe & Schatz, 1984) . In contrast to the MPP mutant, isolated mitochondria of mifl which had been exposed to the non-permissive temperature (37 °C) were unable to completely translocate precursor proteins across the mitochondrial membranes (Hartl, Horwich & Neupert, unpublished). They accumulated uncleaved precursor proteins in a protease-accessible position spanning outer and inner membranes at translocation contact sites. During a subsequent chase period at the permissive temperature this contact site intermediate could be completely translocated and processed to the mature sized form. These data indicate that, in addition to enhancing the processing activity of MPP, PEP has a function in facilitating the membrane translocation of precursor proteins. PEP might interact with the presequences of precursors as soon as they enter the matrix space. It seems possible that the 60-70 % of total PEP which is associated with the inner surface of the inner membrane represents the fraction of PEP involved in translocation of precursor proteins.
In summary, the mitochondrial processing peptidase, and maybe also the processing peptidase in the chloroplast stroma, belong to a new class of signalcleaving enzymes which differs in many respects from the metal-independent bacterial leader peptidase (Zwizinski & Wickner, 1980) and the eukaryotic signal peptidase of the endoplasmic reticulum (Evans et al. 1986 ). Leader peptidase and signal peptidase have similar processing specificity (Watts et al. 1983) and are membrane-integrated enzymes. Bacterial leader peptidase consists of a single integral membrane polypeptide, whereas signal peptidase is probably present in a large membrane complex and may be part of a proteinaceous pore of the translocation machinery (Evans et al. 1986 ). In contrast, MPP is not membrane-integrated and does not cleave precursors of secreted proteins. Its activity requires two polypep tides, MPP and PEP, which are present as monomers and which do not form a tight complex.
Conservative sorting of precursor proteins
The general reactions for the targeting of precursors to mitochondria and their insertion and translocation into and across the mitochondrial membranes are not sufficient to explain the sorting of precursor proteins to the different submitochon drial compartments. Since precursors destined for different subcompartments use a common insertion site (GIP) in the outer membrane, sorting to their final location must occur beyond this point. Therefore, in addition to mitochondrial targeting information, sorting signals also have to be contained in precursor molecules.
Precursors of the intermembrane space (e.g. cytochrome bz) and inner membrane proteins which protrude into the intermembrane space with a hydrophilic portion of the molecule (e.g. cytochrome ci) follow a most complex sorting pathway. These precursors contain presequences of bipartite structure which are proteolytically processed in two steps (Gasser et al. 1982a; Daum et al. 1982; Teintze et al. 1982; Kaput et al. 1982; Sadler et al. 1984; Guiard, 1985; Romisch et al. 1987) . The first cleavage which removes the amino-terminal matrix-targeting signal is performed by the mitochondrial processing peptidase in the matrix. The second cleavage occurs by a processing peptidase(s) at the outer surface of the inner membrane. It removes the carboxy-terminal part of the presequence which contains a hydrophobic stretch of about 20 amino acid residues. These hydrophobic domains of the presequences play an important role in the intramitochondrial sorting process. However, they do not stop transfer of the precursor across the inner membrane as originally proposed (for review see Hurt & van Loon, 1986 ), but rather act as targeting signals to direct export of precursors from the matrix across the inner membrane.
The import-and sorting pathways of cytochromes bz and C\ have been studied in detail (Hartl et al. 1987a ). The precursor proteins are first completely imported into the matrix via translocation contact sites. There the positively-charged part of the presequence is cleaved by MPP resulting in the formation of an intermediate-sized form. The remaining carboxy-terminal part of the prepeptide containing the hydrophobic segment then re-directs the intermediate back across the inner membrane. That the targeting signal for retranslocation is indeed contained in this segment could be shown by import experiments with a fusion protein between the complete presequence of cytochrome ¿ 2 and cytosolic dihydrofolate reductase. This fusion protein was imported into the matrix and cleaved to an intermediate-sized form which was then exported back across the inner membrane (Ostermann, Hartl & Neupert, unpublished) . At the outer surface of the inner membrane the second proteolytic processing takes place by a membrane-associated processing enzyme. In case of cytochrome 6 2 the mature-sized protein is then released as a soluble species into the intermembrane space while cytochrome C\ is anchored into the inner membrane via a hydrophobic segment contained in the mature protein part.
Based on the hypothesis for the endosymbiotic origin of mitochondria we proposed the following explanation for this seemingly complex import pathway (Hartl et al. 1986 (Hartl et al. , 1987a . In the prokaryotic ancestor of mitochondria the proteins were synthesized in the cytoplasm (corresponding to the mitochondrial matrix). Their transport into or across the plasma membrane (corresponding to the mitochondrial inner membrane) was directed by targeting signals similar to those found in the hydrophobic part of mitochondrial presequences. Indeed, the carboxy-terminal part of the presequence of mitochondrial cytochrome c\ is strikingly similar to the export signal in the cytochrome C\ of the photosynthetic bacterium Rhodobacter sphaeroides (Gabellini & Sebald, 1986) . After the endosymbiotic event, gene transfer to the nucleus of the host cell took place and proteins had to be imported into the endosymbiotic organelle. For that purpose positively-charged mitochondrial target ing sequences were added to the ancestral export signals. Import via translocation contact sites was introduced to bring the precursors back onto their ancestral assembly pathway which has been conserved during evolution. We have therefore chosen the term 'conservative sorting' for this principle of intramitochondrial sorting of proteins.
Conservative sorting of mitochondrial proteins was first reported for the Rieske F e /S protein of the bci complex, a peripheral component of the complex exposed to the intermembrane space (Hartl et al. 1986 ). The precursor to the F e /S protein is also processed in two steps. In contrast to cytochromes 6 2 and c\ its presequence does not contain a hydrophobic segment (Harnisch et al. 1985; Beckmann et al. 1987) . Both processing steps occur in the matrix, carried out by MPP and probably an additional processing enzyme. The attachment of the F e /S cluster to the protein appears to be tightly coupled to the second processing event (Hartl, Rassow & Neupert, unpublished) . The mature-sized F e /S protein is finally re-translocated across the inner membrane and assembled into the bci complex. Thus, import of the F e /S protein also follows the conservative sorting principle, although in this case the signal for export from the matrix is contained in the mature part of the protein. The same is probably true for at least some inner membrane proteins. For example, FoATPase subunit 9 is also first imported into the matrix via contact sites, and after proteolytic processing by MPP assembles into the inner membrane. Preliminary data on the import of a fusion protein between the complete precursor of subunit 9 and the mature part of FiATPase subunit (i suggest an import pathway involving re translocation of the F i ¡3 part from the matrix across the inner membrane concomitant to membrane insertion of the subunit 9 moiety (Mahlke & Neupert, unpublished) .
At least one exception for entry into the intermembrane space by the conservative sorting pathway is known. Import of cytochrome c circumvents import into the matrix (Zimmermann et al. 1979 (Zimmermann et al. , 1981 Hennig & Neupert, 1981; Hennig et al. 1983; Nicholson et al. 1987; Nicholson et al. 1988) . The precursor, apocytochrome c, is made without a cleavable presequence. Its import is independent of the membrane potential across the inner membrane and appears not to involve the 'general insertion protein'. Apocytochrome c reaches the intermembrane space on a 'new' pathway by simply crossing the outer membrane. The conformational change accompanying heme attachment to apocytochrome c appears to be linked to the process by which the protein is transproted across the outer membrane.
Perspectives
The possibility of accumulating precursor proteins as translocation intermediates at defined stages of the import pathway has contributed considerably to the elucidation of the functional details of how proteins are imported into mitochondria. Our task for the future will be to use this knowledge for the identification and purification of the components of the mitochondrial import machinery. In general, this search for components may proceed along two lines. Biochemical and immunological character ization of distinct components will enable their isolation and finally reconstitution. On the other hand, the selection of mutants defective in defined mitochondrial import functions will certainly prove useful, especially if such mutants can be studied by in vitro analysis of the distinct steps of the import pathways. A joint biochemical and genetic approach has already been successfully applied to the isolation and functional characterization of the two components of the mitochondrial processing enzyme, MPP and PEP.
We are grateful to Rosemary Stuart for critically reading the manuscript. proteins are imported through a hydrophilic membrane environment. Eur. J. Biochem. 169, 289-293. P f ä n n e r , N . , H a r t l , F.-U . & N e u p e r t , W. (1988) . Import of proteins into mitochondria: a multi-step process. E u r.J. Biochem. 175, 205-212. P o l l o c k , R. A ., H a r t l , F .-U ., C h e n g , M . Y ., O s t e r m a n n , J ., H o r w ic h , A. & N e u p e r t , W. (1988) . The processing peptidase of yeast mitochondria: the two cooperating components M P P and PEP are structurally related. EMBO J . 7 , 3493-3500. R i e z m a n , H . , H a y , R ., W i t t e , C ., 
